ABSTRACT-Purpose and Methods: The severity and prognosis of various acute inflammatory conditions, such as sepsis, differ between males and females. The mechanisms underlying these sex differences probably involve both hormonal and genetic factors. In order to evaluate a possible genetic influence, we reviewed clinical signs and biological inflammatory markers of prepubertal children with severe sepsis admitted to the pediatric intensive care unit (PICU). Findings: A total of 142 prepubertal children, 66 girls and 76 boys, suffering from severe sepsis and admitted to the PICU were included. The survival rate demonstrated a tendency to be higher in females (P ¼ 0.14). Maximum white blood cell count (23,800 cells/mL [15, 600] Conclusions: Our study revealed higher neutrophilic inflammation, as well as lower pH on admission, in girls with severe sepsis; associated with longer fever duration, which could contribute to better pathogen clearance. However, further studies are needed to demonstrate the link between acidosis and modulation of the immune response.
INTRODUCTION
Severe sepsis is commonly defined as a systemic inflammatory response to infection, associated with organ dysfunction (1) . Infection triggers a complex and prolonged immune response, provoking in turn proinflammatory and anti-inflammatory mechanisms that, while helping to clear the infection, also cause severe tissue injury (2) . It is the reason for a significant number of admissions to intensive care units and a major cause of death (3) .
The severity and prognosis of various acute inflammatory conditions, such as sepsis or burn injuries, differ between males and females, with improved clinical course and increased survival rates seen in females (4, 5) . The mechanisms underlying these sex-dependent differences are multiple and probably involve both hormonal and genetic factors. Several studies have described the modulating role of sex hormones in both humoral and cell-mediated immune responses during the course of various disease processes. It is commonly understood that the clinical differences between men and women in terms of inflammatory processes may be explained by different levels of sex steroids (6, 7) . However, recent findings have revealed significant differences in inflammatory markers between prepubertal boys and girls suffering from acute or chronic inflammatory diseases (8, 9) . The sex hormone levels are very low in this population compared with adults, most likely insufficient to account for the differences observed during inflammatory conditions between males and females from neonates to the elderly, thus suggesting another origin (10, 11) .
Several proteins involved in immunity are encoded on the X chromosome. The genes of certain principal protein members of the nuclear factor-kB (NF-kB) signaling pathway, responsible for the production of pro-inflammatory cytokines such as interleukin (IL)-6, are linked to the X chromosome, namely IL-1 receptor-associated kinase 1, NF-kB essential modulator, and Bruton tyrosine kinase (12) .
Females carry two X chromosomes, one of which is randomly inactivated during early embryogenesis to maintain the dosage balance of proteins across both sexes (13) . Females are thus composed of a mosaic of cells, with genes from either the paternal or maternal X chromosome, providing them with greater diversity to fight against infectious attacks (14) . Moreover, up to 15% of X-linked genes escape inactivation to some degree, increasing the X-linked cellular protein content in females compared with that of males (15) . Therefore, polymorphisms of X-linked genes and cellular mosaicism in females could be responsible for some of the specific responses of either sex to inflammation and help explain the lower mortality reported in females with septic shock.
In order to confirm the differences we observed between males and females in prepubertal children with acute inflammatory processes, supporting a genetic origin rather than a sex steroid influence, we studied clinical and biological inflammatory markers in a cohort of prepubertal children with severe sepsis admitted to the pediatric intensive care unit (PICU).
PATIENTS AND METHODS
We reviewed the clinical data of all prepubertal children (girls aged 0-11 years; boys aged 0-12) admitted to the PICU of our hospital who were diagnosed with severe sepsis, from January 2000 to December 2013. Severe sepsis was defined according to the criteria of the Surviving Sepsis Campaign (1, 2) .
The exclusion criteria were as follows: congenital or acquired immunodeficiency including immunosuppressive drugs; hematopoietic stem cell transplantation; immunoglobulin therapy; extracorporeal membrane oxygenation (ECMO).
For each patient, sex, age, medical history, pediatric index of mortality 2, pediatric risk of mortality, survival, length of stay in the PICU, duration of antimicrobial therapy, and blood cultures were all recorded in an Excel database for Mac, Version 2011 (Microsoft, Wash). The following information was collected from each patient on admission to the PICU and at 24, 48, 72, 96, and 120 h after admission: body temperature, C-reactive protein (CRP) level, hemoglobin level, white blood cell count (WBC), neutrophil count, monocyte count, platelet count, blood pH, blood gas level, lactic acid level, base excess level, bicarbonate level, arterial blood pressure, heart rate, respiratory rate, pulsed oxygen saturation, and doses of dobutamine, dopamine, adrenaline, noradrenaline, and milrinone administered.
The study was approved by the Ethics Committee of the Hôpital Universitaire des Enfants Reine Fabiola and was in adherence to the tenets of the Declaration of Helsinki. All the patients admitted to the PICU of our hospital were informed that their medical data could be used for research purposes but consent was not required by the Ethics Committee, since data were collected anonymously.
Statistical analysis
As the continuous variables did not exhibit normal distribution, nonparametric tests were used for statistical analysis. The results have been expressed as median AE interquartile range for n independent patients. Correlations between continuous variables were tested using the Spearman rank test. To evaluate differences between the sexes, the boys and girls were compared using the Mann-Whitney test for independent groups. Differences in the distribution of discrete variables between the groups were assessed using Fisher exact test or the chi-squared test. Differences were considered statistically significant when P was <0.05. Calculations were performed using GraphPad Prism statistical software Version 6.00 for Mac (GraphPad Software, San Diego, Calif).
RESULTS

Patients
Over 2,009 patients were screened for sepsis during their hospital stay, with 201 diagnosed with severe sepsis. A total of 15 were post-pubertal (10 girls and 5 boys), 28 were treated with ECMO (10 girls and 18 boys), and 16 presented with immunodeficiency (6 girls and 10 boys). A total of 142 patients (66 girls and 76 boys) met the inclusion criteria.
Clinical parameters
We observed no significant differences in terms of age (17 months for boys vs. 38 months for girls, P ¼ 0.06), comorbidities ( Table 1) or origin of the sepsis (Table 2 ) between the sexes. Following antibiotic therapy, the girls exhibited a longer duration of fever in comparison with the boys (2 days [1] [2] [3] [4] [5] [6] vs. 1 day [1] [2] [3] , respectively, P <0.01) (Fig. 1 ). The duration of intravenous antibiotic therapy and blood cultures results were similar between males and females ( Fig. 2 ).
Neither were there any differences in the length of stay in the PICU or the gravity scores. Boys displayed a tendency toward higher mortality, although this difference was not statistically significant (24% mortality rate for boys vs. 13% for girls, P ¼ 0.14) (Fig. 3) .
The respiratory and hemodynamic parameters did not significantly differ between the sex neither did the doses of catecholamine administered.
Biological parameters
Maximum WBC was higher in girls (23,800 cells/mL [15, ,600]) than boys (19,025 cells/mL [12, 098 ], P ¼ 0.02), with a tendency to be the highest on the fourth day (Fig. 4) . We observed the same difference in girls in terms of maximum neutrophil count (16, (Fig. 6) . We observed no differences between the groups for hemoglobin, platelet, or monocyte levels. (Fig. 7) . These differences disappeared 1 day after PICU admission. We found no other significant differences in metabolic parameters.
DISCUSSION
This retrospective study involving prepubertal children with severe sepsis revealed several clinical and biological differences between girls and boys that we had already observed in other acute inflammatory processes (8) .
Girls with severe sepsis exhibited a longer duration of fever in comparison with the boys after admission. The use of antipyretic drugs could be the source of this sex difference. However, all patients in PICU received same doses per kilogram of body weight of antipyretic drugs and, acetaminophen and ibuprofen are equally metabolized in boys and girls (16) . An explanation could be the receptor activator of nuclear factor kappa-B (RANK) and its ligand, which have been shown to mediate sex-specific thermoregulation in inflammation. Genetic inactivation of RANK alters physiological thermoregulation in female mice which seems to be regulated, only in part, by ovarian sex hormones (17) .
Girls also presented higher levels of white blood cells, especially neutrophils, in comparison with boys. One of the major neutrophil chemoattractants is IL-8, which is produced in response to NF-kB activation (18) . In a previous study, higher IL-8 secretion was found in females in response to in vitro stimulation with lipopolysaccharide (LPS), which may explain the higher neutrophil count observed in girls (19) . IL-8 seems to play a crucial role in pediatric sepsis as high levels of serum IL-8 were a strong negative predictor for 28-day mortality in children younger than 10 years with septic shock (20) . It is interesting to note that the difference in neutrophil counts became significant on the third day after admission, corresponding to the mean generation time of myelocytes, thus situating the origin of the difference in the bone marrow rather than the marginated pool of neutrophils (21) . The kinetic curve also showed a tendency toward a difference on the fourth and fifth days, which would probably become significant with a higher number of patients. In a previous in vitro study, we observed a different kinetic between males and females in terms of inflammatory cytokine production in whole blood stimulated with endotoxin, which could explain this sex difference only on the third day (22) . Polymorphisms of the gene encoding for the Wiskott-Aldrich syndrome protein, located on the X chromosome and responsible for X-linked severe congenital neutropenia, could be involved in this difference (23) . As already observed in both children and adults, CRP levels were also significantly higher in girls compared with boys, with a tendency toward achieving the highest levels on the second day (8, 9, 24) . The CRP level peaked on the second day, the approximate time when de novo cellular synthesis of CRP is maximal (25) . CRP is primarily produced by hepatocytes under transcriptional control by IL-6. IL-6 is secreted in response to the activation of the NF-kB signaling pathway by pathogen-associated molecular patterns through Toll-like receptors (TLRs) (26) . This intracellular pathway, which induces the secretion of other pro-inflammatory cytokines, such as IL-8 and tumor necrosis factor (TNF)-a, involves several proteins encoded on the X chromosome. The sex-related differences we observed in terms of both the production of CRP through IL-6 and recruitment of neutrophils by IL-8 induction could thus be related to polymorphisms of X-linked genes of the TLR signaling pathway, in addition to cellular mosaicism in females (12) . Given the age of our patients, it is unlikely that sex steroids play a significant role in these sex differences. Measurement of the IL-6 levels as well as the levels of other pro-inflammatory cytokines such as IL-1b, IL-8, and TNF-a would help to confirm the implication of the TLRs and the potential genetic origin to the sex differences we observed. However, in an in vitro study, pro-inflammatory cytokine production (IL-1b and IL-6) after stimulation of whole blood with lipopolyscharride was higher in males compared with females, and Turner patients followed the same pattern of reactivity as males (22) . In our study, as CRP levels were higher in girls compared with boys, we would expect increased IL-6 secretion in girls as a result. Most in vitro studies show higher inflammatory cytokine secretion in males compared with females, while in vivo studies reveal contradictory results with a higher inflammatory response in males and females on occasion (19, 27) . These discrepancies illustrate the numerous and complex interactions occurring between the immune system and other organs.
Girls appeared to exhibit a more pronounced neutrophilic inflammatory response and longer-lasting fever, associated with a tendency toward higher temperatures, probably due to a distinct innate immune response or the different sensitivity of their receptors in comparison with boys. The higher level of circulating neutrophils in girls could also contribute to better pathogen clearance during the early inflammatory response (18) , consequently improving their survival of sepsis (11) . Our findings were strengthened by the absence of confounding factors, such as age, pathogen, medical history, or duration of the sepsis before admission, which were all similar between the groups.
Although the patients included were prepubertal, estrogen levels of healthy prepubertal girls can be eight times higher than those of prepubertal boys (10) and sex differences in both the incidence and the mortality of sepsis are observed in the neonatal period also. However, sex hormones levels in prepubertal children are still very low compared with adults and probably insufficient to explain the sex differences observed in inflammatory conditions from neonates to the elderly (11) . Likewise, unpublished data of our group did not show any differences between prepubertal boys and prepubertal girls in inflammatory cytokine production in response to LPS, when blood was incubated with increasing concentrations of 17b-estradiol.
To our knowledge, this is the first study describing a sexrelated difference in the acid-base balance of children with sepsis. We observed a significantly lower pH associated with a higher base deficit in girls compared with boys on admission to the PICU. This higher base deficit was not linked to higher lactate production, however, and tended to rapidly disappear on initiating fluid management and respiratory support. Nevertheless, this higher acidity could enhance the inflammatory response in girls by increasing the expression of adhesion molecules at the surface of leukocytes and the secretion of pro-inflammatory cytokines.
The pH of the extracellular milieu influences a wide range of immunological functions (28) . In vitro studies have revealed the following associations: increased secretion of inflammatory cytokines, such as IL-1b, IL-6, or TNF-a by mononuclear cells; neutrophil activation characterized by an up-regulation of cluster of differentiation (CD)18 expression and hydrogen peroxide production; maturation of human dendritic cells (29, 30) . Recently, a positive correlation between strong anion gap and IL-6, IL-8, IL-10, and TNF-a plasma concentrations was found in critically ill patients (31) . Most of the prognostic factors for septic patients are evaluated on admission indicating the importance of the initial response in the course of the disease (32) . Among this initial response, innate immune system, mainly based on phagocytes, seems to play a crucial role. Therefore, a modulation of the early inflammatory process by metabolic acidosis, before initiating the hemodynamic management and respiratory support, could influence the response to sepsis (33) .
CONCLUSIONS
Our study, although retrospective in nature, confirmed our previous clinical observations of children with other acute inflammatory processes, demonstrating a stronger inflammatory response in girls compared with boys, specifically involving neutrophils. The more acidic environment reported in girls on admission could contribute to the elevated neutrophil recruitment and pro-inflammatory cytokine secretion, helping girls to clear infection more efficiently than boys. The patient age of this cohort is not indicative of there being a link to sex hormones, to account for the sex differences we described in the inflammatory response to severe sepsis, suggesting another origin. However, a prospective study including dosage of TLR-mediated inflammatory cytokines is needed to suggest a genetic factor involving X-linked genes of the NF-kB signaling pathways and confirm the modulation of the neutrophil response by extracellular acidosis.
